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CROSS-REFERENCE TO RELATED APPLICATION(S) 
The present utility patent application claims priority of U.S. Provisional 
Patent Application, Serial No. 60/439,768, filed January 13, 2003, subject matter 
of which is incorporated herewith by reference. 



FIELD OF THE INVENTION 



The present invention relates generally to a bistable actuator device, and 
10 more particularly, to a solid-state piezoelectric actuator device and improved 
method for producing mechanical motion. 



BACKGROUND OF THE INVENTION 
Piezoelectric materials are used in a variety of sensors and actuators. 
15 Piezoelectric materials convert mechanical energy to electrical energy and vice 
versa. For instance, if pressure is applied to a piezoelectric crystal, an electrical 
signal is generated in proportion thereby producing the function of a sensor. 
Generation of an electrical signal in response to an applied force or pressure is 
known as the "primary piezoelectric effect". Similarly, if an electrical signal is 
20 applied to a piezoelectric crystal, it will expand in proportion as an actuator. 
Geometric deformation (expansion or contraction) in response to an applied 
electric signal is known as the "secondary piezoelectric effect". Whether 
operated as a sensor or actuator, electrically conductive electrodes must be 
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appropriately placed on the piezoelectric crystal for collection or application of 
the electrical signal, respectively. Therefore, a piezoelectric actuator (sensor) 
consists nominally of a) a portion of piezoelectric material, and b) electrically- 
conductive electrodes suitably arranged to transfer electrical energy from (to) an 
5 external power source. 

Piezoelectric materials have been utilized in the art to create a variety of 
simple sensors and actuators. Examples of sensors include vibration sensors, 
microphones, and ultrasonic sensors. Examples of actuators include ultrasonic 
transmitters and linear positioning devices. However, in most of these examples, 
10 bulk piezoelectric material is machined and assembled in a coarse manner to 

achieve low-complexity devices. In cases where bulk piezoelectric materials are 
used as actuators, a large mechanical motion can only be achieved with very large 
devices and very high voltages. Operating bulk piezoelectric actuators at high 
voltages or high power limits the utility of the actuator and also limits the 

» 

15 reliability. 

Other types of actuators that rely on electrostatic actuation mechanisms 
can also produce a large mechanical motion only with very high voltages. 
Operating electrostatic actuators at high voltages or high power limits the utility 
of the actuator and also limits the reliability. In addition, electrostatic actuation 
20 mechanisms produce relatively small forces and have other practical failure 
complications associated with clamping. 



-2- 



WO 2004/063090 



PCT/US2004/000667 



Therefore, there is a need for an improved actuation device capable of 
producing large mechanical motion without high electrical power requirements 
and without compromising the device reliability. 



5 SUMMARY OF THE INVENTION 

To solve the above and the other problems, the present invention provides 
a solid-state actuator device, and more particularly a bistable actuator formed by 
thin films. Similar to silicon Integrated Circuits (ICs), a bistable actuator of the 
present invention is built up by a series of thin films, typically less than or about 
10 5 microns (0.005 mm) in thickness. A bistable actuator is designed to move 

between two preferred physical positions upon application of an electrical control 
signal. 

An embodiment of the present invention provides thin-film piezoelectric 
elements on a bistable mechanical structure to switch the position of the structure 

15 upon application of an electrical control signal. Even without any electrical 

signal applied to the piezoelectric elements the bistable structure, by definition, is 
stable in one of two positions or mechanical "states". To place the device in a 
first mechanical state, a first electrical control signal is applied to a first 
piezoelectric element on the structure. The applied first electrical control signal 

20 produces a mechanical force in the first piezoelectric element according to the 
secondary piezoelectric effect. The first piezoelectric element is positioned on 
the bistable structure so as to move the device to the first mechanical state upon 
application of the first electrical control signal. Even after removal of the first 
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electrical control signal, the bistable structure remains in the first mechanical 
state. To place the device in a second mechanical state, a second electrical control 
signal is applied to a second piezoelectric element on the structure. The applied 
second electrical control signal produces a mechanical force in the second 
5 piezoelectric element according to the secondary piezoelectric effect. The second 
piezoelectric element is positioned on the bistable structure so as to move the 
device to the second mechanical state upon application of the second electrical 
control signal. Even after removal of the second electrical control signal, the 
bistable structure remains in the second mechanical state. 
10 The present invention uses a bistable mechanical structure that has two 

preferred physical positions. This type of physical structure has several key 
advantages for creating a variety of actuators: 

Force - During an actuation event, the mechanical structure provides 
additional force in the desired direction, allowing more work to be done 
15 by the device. 

Displacement — The mechanical structure provides more physical motion 
during an actuation event, again allowing more work to be done by the 
device. 

Low Power - The mechanical structure retains its position in one of the 
20 two stable states even after electrical power is removed, allowing the 

electronics to "sleep" or "standby" between state switching events. 
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Reliability - The mechanical structure retains its position even after the 
electrical power source is removed. In the event of a power outage or 
interruption, the device retains its state. 

The present invention also utilizes piezoelectric materials in a thin-film 
5 format. The thin-film distinction enables actuators with a far higher degree of 
complexity and functionality. Thin-film piezoelectrics offer the following key 
advantages: 

Matching - Thin-film piezoelectric materials are deposited and defined 
on an atomic scale utilizing fabrication processes common in the 

10 semiconductor industry. The result is that thin-film piezoelectric 

elements can be consistently manufactured with element matching more 
than 100X better than conventional bulk machined devices. 
Density - Thin-film piezoelectric elements are defined using 
microlithography, a process that allows extremely small dimensions (less 

15 than 0.001 mm, or 1 micron) to be delineated in a consistent and 

controlled manner. The result is that a large number of precision 
piezoelectric elements can be defined on a single microscopic actuator 
device. 

Low-Cost - Thin-film piezoelectric elements are defined using batch 
20 processing techniques common in the semiconductor industry. A typical 

deposition, pattern transfer, and etch sequence on a single silicon wafer 
can define literally millions of precision piezoelectric elements on 
thousands of actuators. 
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Size - Thin-film piezoelectrics enable far smaller devices to be 
manufactured. 

Low Power - Less energy is required to operate a thin-film device. 

The above advantages are inherent to the present invention and enable 
5 novel configurations and unique features that increase the overall device and 
system performance. 

These and other features and advantages of the present invention will 
become apparent to those skilled in the art from the following detailed 
description, wherein it is shown and described illustrative embodiments of the 

m 

10 invention, including best modes contemplated for carrying out the invention. As 
it will be realized, the invention is capable of modifications in various obvious 
aspects, all without departing from the spirit and scope of the present invention. 
Accordingly, the drawings and detailed description are to be regarded as 
illustrative in nature and not restrictive. 



15 



BRIEF DESCRIPTION OF THE DRAWINGS 



Figure 1 is a cross-sectional view of one embodiment of a bistable 
structure showing a first mechanical state, in accordance with the principles of 
the present invention. 
20 Figure 2 is a cross-sectional view of the embodiment of the bistable 

structure shown in Figure 1 showing a second mechanical state, in accordance 
with the principles of the present invention. 
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Figure 3 is a cross-sectional view of a first embodiment of a bistable 
actuator device showing one arrangement of piezoelectric force element 
placement on a circular bistable structure, in accordance with the principles of the 
present invention. 

5 Figure 4 is a top view of the first embodiment of the bistable actuator 

device shown in Figure 3. 

Figure 5 is a cross-sectional view of a second embodiment of a bistable 
actuator device showing another arrangement of piezoelectric force element 
placement on a bridge bistable structure, in accordance with the principles of the 
10 present invention. 

Figure 6 is a top view of the second embodiment of the bistable actuator 

► 

device shown in Figure 5. 

Figure 7 is a cross-sectional view of a third embodiment of a bistable 
actuator device showing a further arrangement of piezoelectric force element 
15 placement on a circular bistable structure, in accordance with the principles of the 
present invention. 

Figure 8 is a top view of the third embodiment of the bistable actuator 
device shown in Figure 7. 

Figure 9 is a cross-sectional view of a fourth embodiment of a bistable 
20 actuator device showing a further arrangement of piezoelectric force element 

placement on a bridge bistable structure, in accordance with the principles of the 
present invention. 
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Figure 10 is a top view of the fourth embodiment of the bistable actuator 
device shown in Figure 9. 

Figure 1 1 is a cross-sectional view of a fifth embodiment of a bistable 
actuator device showing a further arrangement of piezoelectric force element 
5 placement on a circular bistable structure, in accordance with the principles of the 
present invention. 

Figure 12 is a top view of the fifth embodiment of the bistable actuator 
device shown in Figure 11. 

Figure 13 is a cross-sectional view of a sixth embodiment of a bistable 
10 actuator device showing a further arrangement of piezoelectric force element 

placement on a bridge bistable structure, in accordance with the principles of the 
present invention. 

Figure 14 is a top view of the sixth embodiment of the bistable actuator 
device shown in Figure 13. 
15 Figure 15 is a cross-sectional view of one embodiment of a bistable 

actuator device detailing an arrangement of the layers comprising piezoelectric 
force elements, in accordance with the principles of the present invention. 

Figure 16 is a cross-sectional view of an embodiment of a gas or fluid 
pump according to the principles of the present invention in a first mechanical 
20 state. 

Figure 17 is a cross-sectional view of an embodiment of a gas or fluid 
pump according to the principles of the present invention in a second mechanical 
state. 
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Figure 18 is a cross-sectional view of an embodiment of a gas or fluid 
pump according to the principles of the present invention in a third mechanical 
state. 

Figure 19 is a cross-sectional view of an embodiment of a gas or fluid 
5 pump according to the principles of the present invention in a fourth mechanical 
state. 

Figure 20 is a cross-sectional view of an embodiment of a gas or fluid 
pump according to the principles of the present invention in a fifth mechanical 
state. 

10 Figure 21 is a cross-sectional view of an embodiment of a gas or fluid 

pump according to the principles of the present invention in a sixth mechanical 

state. 

Figure 22 is a cross-sectional view of a first embodiment of an electrical 
switch according to the principles of the present invention in a first mechanical 
1 5 state comprising an electrical open circuit. 

Figure 23 is a cross-sectional view of the first embodiment of an electrical 
switch according to the principles of the present invention in a second mechanical 
state comprising an electrical closed circuit. 

Figure 24 is a cross-sectional view of a second embodiment of an 
20 electrical switch according to the principles of the present invention in a first 
mechanical state comprising an electrical open circuit. 
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Figure 25 is a cross-sectional view of the second embodiment of an 
electrical switch according to the principles of the present invention in a second 
mechanical state comprising an electrical closed circuit. 

5 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention provides a bistable actuator device formed by thin 
films for generating mechanical motion in response to an electrical control signal. 
The device includes a bistable structure which has two preferred mechanical 

10 states, or positions. The device also includes at least one force element 

positioned on the bistable structure for the purpose of switching the device 
between the two mechanical states. The force elements generate a mechanical 
force when activated by an electrical signal or an electrical control signal, such 
that the device is switched between the two mechanical states by an electrical 

15 control signal. 

The main features of one embodiment of a bistable structure are shown in 
Figure 1 and Figure 2. The structure includes a pre-stressed mechanical support 
1 that is suspended on a support substrate 3, the support substrate 3 having a 
cavity 5. The mechanical support 1 is under compressive stress, said 

20 compressive stress being sufficient to produce buckling in the mechanical support 
1. 

The details of how the compressive pre-stress is created are not specific to 
this invention. However, one method for producing the compressive pre-stress is 
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to fix the mechanical support 1 to the support substrate 3 at an elevated 
temperature, wherein the thermal expansion coefficient of the support substrate 3 
is higher than the thermal expansion coefficient of the mechanical support 1. 
When the temperature of the assembled device is reduced to normal operating 
5 levels, the mechanical support 1 will be under compressive stress. The 

magnitude of compressive stress can be controlled by selecting materials for the 
mechanical support 1 and support substrate 3 that have an appropriate thermal 
expansion coefficient mismatch and/or selecting the assembly temperature. 
Similarly, another method for producing the pre-stress is to fix the mechanical 

10 support 1 to the support substrate 3 at a reduced temperature, wherein the thermal 
expansion coefficient of the support substrate 3 is lower than the thermal 
expansion coefficient of the mechanical support 1. W^hen the temperature of the 
assembled device is raised to normal operating levels, the mechanical support 1 
will be under compressive stress. The magnitude of compressive stress can be 

15 controlled by selecting materials for the mechanical support 1 and support 
substrate 3 that have an appropriate thermal expansion coefficient mismatch 
and/or selecting the assembly temperature. 

In a preferred thin-film embodiment of the present invention, the support 
substrate 3 is a silicon wafer with a preferred thickness between 100 microns and 

20 1000 microns. Other suitable materials for the support substrate 3 include, but 

not limited to, quartz, glass, and galium-arsenide. Also, in the preferred thin-film 
embodiment, the mechanical support 1 is comprised of a layer of polycrystalline 
silicon with a preferred thickness between 0.1 microns and 10 microns. Other 
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suitable materials for the mechanical support 1 include, but not limited to, silicon 
nitride, silicon dioxide, a variety of metals, or a laminated combination thereof. 
In one thin-film embodiment, the level of compressive pre-stress in the 
mechanical support 1 depends on the application requirements, the materials 
5 selected, and the temperature at which the mechanical support 1 thin film is 
deposited. The compressive pre-stress will produce a deflection of the 
mechanical support 1 perpendicular to the surface of the device. For an 
application, material set, and device dimensions, the deflection of the mechanical 
support 1 from the planar position is in the range 0.1 microns to 10 microns. 

10 That is, the mechanical support 1 has two preferred (or stable) positions, called 
"states". Figure 1 shows a first mechanical state, while Figure 2 shows a second 
mechanical state. The two stable states are formed as a result of the compressive 
pre-stress in the mechanical support 1 . A force acting on the mechanical support 
1 can switch the mechanical support 1 from one state to the other. 

15 The main features of a preferred generally circular embodiment of a 

bistable actuator device according to the present invention are detailed in Figure 
3 and Figure 4. Figure 3 shows a representative cross-sectional view, while 
Figure 4 shows a top view. The circular bistable actuator device is comprised of 
the mechanical support 1 fixed on the support substrate 3, the support substrate 3 

20 containing the cavity 5. Figure 3 shows one of two mechanical states for the 
circular bistable actuator device wherein the mechanical support 1 is deflected 
towards the support substrate 3. A central force element 7 is fixed to the 
mechanical support 1 over the cavity 5. A peripheral force element 9 is also 
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fixed to the mechanical support 1 over the cavity 5. Means for electrically 
contacting the force elements are not shown in Figure 3 or Figure 4 but will be 
understood by those skilled in the art. When an electrical signal is connected to 
the central force element 7 or peripheral force element 9, the force elements 
5 expand or contract in the x-direction and y-direction, creating a shear stress on 
the mechanical support 1. The bistable actuator device in Figure 3 is shown in 
the "downward state" (where the mechanical support 1 is deflected towards the 
support substrate 3). The bistable actuator device in Figure 3 is switched to the 
"upward state" (where the mechanical support 1 is deflected away from the 
10 support substrate 3) by applying a first electrical signal to the central force 

element 7 causing the central force element 7 to expand in the surface plane while 
also applying a second electrical signal to the peripheral force element 9 causing 
the peripheral force element 9 to contract in the surface plane. Expansion of the 
central force element 7 causes the mechanical support 1 to bend with downward 
15 concavity in the region under the central force element 7. Contraction of the 

peripheral force element 9 causes the mechanical support 1 to bend with upward 
concavity in the region under the peripheral force element 9. Similarly, the 
bistable actuator device in Figure 3 is switched back to the "downward state" 
(where the mechanical support 1 is deflected towards the support substrate 3) by 
20 applying a third electrical signal to the central force element 7 causing the central 
force element 7 to contract in the surface plane while also applying a fourth 
electrical signal to the peripheral force element 9 causing the peripheral force 
element 9 to expand in the surface plane. Contraction of the central force 
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element 7 causes the mechanical support 1 to bend with upward concavity in the 
region under the central force element 7. Expansion of the peripheral force 
element 9 causes the mechanical support 1 to bend with downward concavity in 
the region under the peripheral force element 9. The bistable actuator device of 
5 Figure 3 is switched between mechanical states by applying suitable electrical 
signals to the central force element 7 and peripheral force element 9. 

The main features of a preferred generally rectangular embodiment of a 
bistable actuator device according to the present invention are detailed in Figure 
5 and Figure 6. Figure 5 shows a representative cross-sectional view, while 

10 Figure 6 shows a top view. The rectangular bistable actuator device is comprised 
of a mechanical support 1 1 fixed on a support substrate 13, the support substrate 
13 containing a cavity 15. Figure 5 shows one of two mechanical states for the 
rectangular bistable actuator device wherein the mechanical support 1 1 is 
deflected towards the support substrate 13. A central force element 17 is fixed to 

15 the mechanical support 11 over the cavity 15. Peripheral force elements 19 and 
21 are also fixed to the mechanical support 1 1 over the cavity 15. Means for 
electrically contacting the force elements 17, 19 and 21 are not shown in Figure 5 
or Figure 6 but will be understood by those skilled in the art. When an electrical 
signal is connected to the central force element 17 or peripheral force elements 19 

20 and 21, the force elements expand or contract in the x-direction and y-direction, 
creating a shear stress on the mechanical support 11. The bistable actuator device 
in Figure 5 is shown in the "downward state" (where the mechanical support 1 1 
is deflected towards the support substrate 13). The bistable actuator device in 
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Figure 5 is switched to the "upward state" (where the mechanical support 1 1 is 
deflected away from the support substrate 13) by applying a first electrical signal 
to the central force element 17 causing the central force element 17 to expand in 
the surface plane while also applying a second electrical signal to the peripheral 
5 force elements 19 and 21 causing the peripheral force elements 19 and 21 to 
contract in the surface plane. Expansion of the central force element 17 causes 
the mechanical support 1 1 to bend with downward concavity in the region under 
the central force element 17. Contraction of the peripheral force elements 19 and 
21 causes the mechanical support 1 1 to bend with upward concavity in the region 

10 under the peripheral force elements 19 and 21. Similarly, the bistable actuator 
device in Figure 5 is switched back to the "downward state" (where the 
mechanical support 11 is deflected towards the support substrate 13) by applying 
a third electrical signal to the central force element 17 causing the central force 
element 17 to contract in the surface plane while also applying a fourth electrical 

15 signal to the peripheral force elements 19 and 21 causing the peripheral force 
elements 19 and 21 to expand in the surface plane. Contraction of the central 

force element 17 causes the mechanical support 1 1 to bend with upward 

» 

concavity in the region under the central force element 17. Expansion of the 
peripheral force elements 19 and 21 causes the mechanical support 11 to bend 
20 with downward concavity in the region under the peripheral force elements 19 

and 21. The bistable actuator device of Figure 5 is switched between mechanical 
states by applying suitable electrical signals to the central force element 17 and 
peripheral force elements 19 and 21. 
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The main features of another generally circular embodiment of a bistable 
actuator device according to the present invention are detailed in Figure 7 and 
Figure 8. Figure 7 shows a representative cross-sectional view, while Figure 8 
shows a top view. The circular bistable actuator device of Figure 7 is comprised 

5 of the mechanical support 1 fixed on the support substrate 3, the support substrate 
containing the cavity 5. Figure 7 shows one of two mechanical states for the 
circular bistable actuator device wherein the mechanical support 1 is deflected 
towards the support substrate 3. A peripheral force element 23 is fixed to the 
mechanical support 1 over the cavity 5. Means for electrically contacting the 

10 force element 23 is not shown in Figure 7 or Figure 8 but will be understood by 
those skilled in the art. When an electrical signal is connected to the peripheral 
force element 23, the peripheral force element expands or contracts in the x- 
direction and y-direction, creating a shear stress on the mechanical support 1. 
The bistable actuator device in Figure 7 is shown in the "downward state" (where 

15 the mechanical support 1 is deflected towards the support substrate 3). The 

bistable actuator device in Figure 7 is switched to the "upward state" (where the 
mechanical support 1 is deflected away from the support substrate 3) by applying 
a first electrical signal to the peripheral force element 23 causing the peripheral 
force element 23 to contract in the surface plane. Contraction of the peripheral 

20 force element 23 causes the mechanical support 1 to bend with upward concavity 
in the region under the peripheral force element 23. Similarly, the bistable 
actuator device in Figure 7 is switched back to the "downward state" (where the 
mechanical support 1 is deflected towards the support substrate 3) by applying a 
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second electrical signal to the peripheral force element 23 causing it to expand in 
the surface plane. Expansion of the peripheral force element 23 causes the 
mechanical support 1 to bend with downward concavity in the region under the 
peripheral force element 23. The bistable actuator device of Figure 7 is switched 
5 between mechanical states by applying first or second electrical signals to the 
peripheral force element 23. 

The main features of another generally rectangular embodiment of a 
bistable actuator device according to the present invention are detailed in Figure 
9 and Figure 10. Figure 9 shows a representative cross-sectional view, while 

10 Figure 10 shows a top view. The rectangular bistable actuator device of Figure 9 
is comprised of the mechanical support 11 fixed on the support substrate 13, the 
support substrate containing the cavity 15. Figure 9 shows one of two 
mechanical states for the rectangular bistable actuator device wherein the 
mechanical support 11 is deflected towards the support substrate 13. Peripheral 

15 force elements 25 and 27 are fixed to the mechanical support 1 1 over the cavity 
15. Means for electrically contacting the force elements are not shown in Figure 
9 or Figure 10 but will be understood by those skilled in the art. When an 
electrical signal is connected to the peripheral force elements 25 and 27, the 
peripheral force elements 25 and 27 expand or contract in the x-direction and y- 

20 direction, creating shear stress on the mechanical support 1 1 . The bistable 
actuator device in Figure 9 is shown in the "downward state" (where the 
mechanical support 11 is deflected towards the support substrate 13). The 
bistable actuator device in Figure 9 is switched to the "upward state" (where the 
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mechanical support 11 is deflected away from the support substrate 13) by 
applying a first electrical signal to the peripheral force elements 25 and 27 
causing the peripheral force elements 25 and 27 to contract in the surface plane. 
Contraction of the peripheral force elements 25 and 27 causes the mechanical 

5 support 1 1 to bend with upward concavity in the region under the peripheral force 
elements 25 and 27. Similarly, the bistable actuator device in Figure 9 is 
switched back to the "downward state" (where the mechanical support 1 1 is 
deflected towards the support substrate 13) by applying a second electrical signal 
to the peripheral force elements 25 and 27 causing the peripheral force elements 

10 25 and 27 to expand in the surface plane. Expansion of the peripheral force 
elements 25 and 27 causes the mechanical support 1 1 to bend with downward 
concavity in the regions under the peripheral force elements 25 and 27. The 
bistable actuator device of Figure 9 is switched between mechanical states by 
applying first or second electrical signals to the peripheral force elements 25 and 

15 27. 

The main features of another generally circular embodiment of a bistable 
actuator device according to the present invention are detailed in Figure 1 1 and 
Figure 12. Figure 11 shows a representative cross-sectional view, while Figure 
12 shows a top view. The circular bistable actuator device of Figure 1 1 is 
20 comprised of the mechanical support 1 fixed on the support substrate 3, the 
support substrate containing the cavity 5. Figure 1 1 shows one of two 
mechanical states for the circular bistable actuator device wherein the mechanical 
support 1 is deflected towards the support substrate 3. A central force element 29 
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is fixed to the mechanical support 1 over the cavity 5. Means for electrically 
contacting the force element 29 is not shown in Figure 1 1 or Figure 12 but will be 
understood by those skilled in the art. When an electrical signal is connected to 
the central force element 29, the central force element 29 expands or contracts in 
5 the x-direction and y-direction, creating a shear stress on the mechanical support 
1. The bistable actuator device in Figure 11 is shown in the "downward state" 
(where the mechanical support 1 is deflected towards the support substrate 3). 
The bistable actuator device in Figure 1 1 is switched to the "upward state" 
(where the mechanical support 1 is deflected away from the support substrate 3) 

10 by applying a first electrical signal to the central force element 29 causing the 

central force element 29 to expand in the surface plane. Expansion of the central 
force element 29 causes the mechanical support 1 to bend with downward 
concavity in the region under the central force element 29. Similarly, the bistable 
actuator device in Figure 1 1 is switched back to the "downward state" (where the 

1 5 mechanical support 1 is deflected towards the support substrate 3) by applying a 
second electrical signal to the central force element 29 causing the central force 
element 29 to contract in the surface plane. Contraction of the central force 
element 29 causes the mechanical support 1 to bend with upward concavity in the 
region under the central force element 29. The bistable actuator device of Figure 

20 1 1 is switched between mechanical states by applying first or second electrical 
signals to the central force element 29. 

The main features of another generally rectangular embodiment of a 
bistable actuator device according to the present invention are detailed in Figure 
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13 and Figure 14. Figure 13 shows a representative cross-sectional view, while 
Figure 14 shows a top view. The rectangular bistable actuator device of Figure 

13 is comprised of the mechanical support 1 1 fixed on the support substrate 13, 
the support substrate containing the cavity 15. Figure 13 shows one of two 

5 mechanical states for the rectangular bistable actuator device wherein the 

mechanical support 1 1 is deflected towards the support substrate 13. A central 
force element 31 is fixed to the mechanical support 1 1 over the cavity 15. Means 
for electrically contacting the force element is not shown in Figure 13 or Figure 

14 but will be understood by those skilled in the art. When an electrical signal is 
10 connected to the central force element 31, the central force element 31 expands or 

contracts in the x-direction and y-direction, creating a shear stress on the 
mechanical support 11. The bistable actuator device in Figure 13 is shown in the 
"downward state" (where the mechanical support 11 is deflected towards the 
support substrate 13). The bistable actuator device in Figure 13 is switched to the 

15 "upward state" (where the mechanical support 11 is deflected away from the 
support substrate 13) by applying a first electrical signal to the central force 
element 31 causing the central force element 31 to expand in the surface plane. 
Expansion of central force element 31 causes the mechanical support 11 to bend 
with downward concavity in the region under the central force element 31. 

20 Similarly, the bistable actuator device in Figure 13 is switched back to the 

"downward state" (where the mechanical support 1 1 is deflected towards the 
support substrate 13) by applying a second electrical signal to the central force 
element 3 1 causing the central force element to contract in the surface plane. 
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Contraction of the central force element 3 1 causes the mechanical support 1 1 to 
bend with upward concavity in the region under the central force element 31. 
The bistable actuator device of Figure 13 is switched between mechanical states 
by applying first or second electrical signals to the central force element 31 . 

5 Several embodiments of a bistable actuator device are depicted in Figures 

3 - 14. In each of these figures, the specific details of the force elements were 
not discussed. There are many ways to implement thin-film force elements that 
are capable of producing the required planar expansion or contraction necessary 
to switch the mechanical state of the bistable actuator device. 

10 A preferred embodiment of the force elements is detailed in Figure 15. In 

Figure 15, the device is depicted in a planar condition for simplicity; i.e. between 
mechanical states. Figure 15 shows a representative cross-sectional view of a 
bistable actuator device comprised of a mechanical support 41 fixed on a support 
substrate 43, the support substrate containing a cavity 45. The bistable actuator 

15 device shown in Figure 15 is further comprised of a conductive central force 
element electrode 53, a conductive peripheral force element electrode 55, a 
conductive lower force element electrode 47, a layer of piezoelectric material 49, 
and a dielectric layer 51. Metal connections 57, 59, and 61 provide means for 
electrically connecting the conductive central force element electrode 53, 

20 conductive peripheral force element electrode 55, and conductive lower force 
element electrode 47, respectively, to external electrical signals. The preferred 
piezoelectric layer 49 material is PZT, although other materials, such as ZnO, 
quartz, A1N, and BaTi03, may also be used. The preferred material for the 
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conductive electrodes 53, 55, and 47 is platinum (Pt) although other materials, 
such as RuO, IrO, and Au, may also be used. The preferred material for the 
dielectric layer 51 is silicon dioxide although other materials, such as silicon 
nitride, may also be used. The preferred material for the electrical connections 

5 57, 59, and 61 is gold although other materials, such as aluminum, titanium 
nitride, and chrome, may also be used. 

The preferred piezoelectric state switching mechanism for the bistable 
actuator in Figure 15 is to utilize the secondary piezoelectric effect for both 
expansion and contraction of the force elements 53, 55, and 47. The bistable 

10 actuator device shown in Figure 15 is similar to Figure 3 and Figure 4. In Figure 
15, the conductive central force element electrode 53 in conjunction with the 
conductive lower force element electrode 47 and layer of piezoelectric material 
49 defines a first force element fixed to the mechanical support 41 and 
corresponds to the central force element 7 fixed to the mechanical support 1 in 

15 Figure 3 and Figure 4. Similarly, the conductive peripheral force element 

electrode 55 in conjunction with the conductive lower force element electrode 47 
and layer of piezoelectric material 49 defines a second force element fixed to the 
mechanical support 41 and corresponds to the peripheral force element 9 fixed to 
the mechanical support 1 in Figure 3 and Figure 4. The first and second force 

20 elements share a common electrical connection by virtue of the conductive lower 
force element electrode 47. However, since the layer of piezoelectric material 49 
is non-conductive, the force element electrodes 53 and 55 are electrically isolated 
and operate independently over most practical frequency ranges. The portion of 
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the layer of the piezoelectric material 49 under the central force element electrode 
53 expands in the x-and y-directions by applying a first voltage polarity to the 
electrical connection 59 while applying a ground reference voltage to the 
electrical connection 57 by virtue of the secondary piezoelectric effect. The 
5 portion of the layer of the piezoelectric material 49 under the central force 
element electrode 53 contracts in the x-and y-directions by applying a second 
voltage polarity to the electrical connection 59 while applying a ground reference 
voltage to the electrical connection 57 by virtue of the secondary piezoelectric 
effect. The portion of the layer of the piezoelectric material 49 under the 
10 peripheral force element electrode 55 expands in the x-and y-directions by 

applying a first voltage polarity to the electrical connection 61 while applying a 
ground reference voltage to the electrical connection 57 by virtue of the 
secondary piezoelectric effect. The portion of the layer of the piezoelectric 
material 49 under the peripheral force element electrode 55 contracts in the x-and 
15 y-directions by applying a second voltage polarity to the electrical connection 61 
while applying a ground reference voltage to the electrical connection 57 by 
virtue of the secondary piezoelectric effect. Similar to the embodiment of Figure 
3 and Figure 4, the bistable actuator device in Figure 15 is switched to the 
"upward state" (where the mechanical support 41 is deflected away from the 
20 support substrate 43) by applying a first voltage polarity to the electrical 

connection 59 causing the portion of the layer of the piezoelectric material 49 
under the central force element electrode 53 to expand in the surface plane while 
also applying a second voltage polarity to the electrical connection 61 causing the 
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portion of the layer of the piezoelectric material 49 under the peripheral force 
element electrode 55 to contract in the surface plane. Expansion of the 
piezoelectric material 49 causes the mechanical support 41 to bend with 
downward concavity in the region under the central force element electrode 53. 
5 Contraction of the piezoelectric material 49 causes the mechanical support 41 to 
bend with upward concavity in the region under the peripheral force element 
electrode 55. Conversely, the bistable actuator device in Figure 15 is switched to 
the "downward state" (where the mechanical support 41 is deflected towards the 
support substrate 43) by applying a second voltage polarity to the electrical 

10 connection 59 causing the portion of the layer of the piezoelectric material 49 

under the central force element electrode 53 to contract in the surface plane while 
also applying a first voltage polarity to the electrical connection 61 causing the 
portion of the layer of the piezoelectric material 49 under the peripheral force 
element electrode 55 to expand in the surface plane. Contraction of the 

15 piezoelectric material 49 causes the mechanical support 41 to bend with upward 
concavity in the region under the central force element electrode 53. Expansion 
of the piezoelectric material 49 causes the mechanical support 41 to bend with 
downward concavity in the region under the peripheral force element electrode 
55. By applying suitable electrical signals to the connections 59 and 61 relative 

20 to the connection 57, the bistable actuator device of Figure 15 is switched 
between mechanical states according to the secondary piezoelectric effect. 

Some piezoelectric actuator materials are limited to unipolar operation. 
That is, they are only operated with a single voltage polarity to generate either 
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contraction or expansion. The principles of the present invention include 
unipolar operation of the piezoelectric force elements. 

A further embodiment of piezoelectric state switching for the bistable 
actuator in Figure 15 is to utilize the secondary piezoelectric effect for just 
5 contraction of the force elements. Similar to the embodiment of Figure 3 and 
Figure 4, the bistable actuator device in Figure 15 is switched to the "upward 
state" (where the mechanical support 41 is deflected away from the support 
substrate 43) by applying a first voltage polarity to the electrical connection 61 
causing the portion of layer of the piezoelectric material 49 under the peripheral 

10 force element electrode 55 to contract in the surface plane. Contraction of the 
piezoelectric material 49 causes the mechanical support 41 to bend with upward 
concavity in the region under the peripheral force element electrode 55. 
Conversely, the bistable actuator device in Figure 15 is switched to the 
"downward state" (where the mechanical support 41 is deflected towards the 

15 support substrate 43) by applying a first voltage polarity to the electrical 

connection 59 causing the portion of piezoelectric material 49 under the central 
force element electrode 53 to contract in the surface plane. Contraction of the 
piezoelectric material 49 causes the mechanical support 41 to bend with upward 
concavity in the region under the central force element electrode 53. By applying 

20 suitable electrical signals to either the connection 59 or 61 relative to the 

connection 57, the bistable actuator device of Figure 15 is switched between the 
two mechanical states according to the secondary piezoelectric effect. 
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A further embodiment of piezoelectric state switching for the bistable 
actuator in Figure 15 is to utilize the secondary piezoelectric effect for just 
expansion of the force elements. Similar to the embodiment of Figure 3 and 
Figure 4, the bistable actuator device in Figure 15 is switched to the "upward 
5 state" (where the mechanical support 41- is deflected away from the support 

substrate 43) by applying a second voltage polarity to the electrical connection 59 
causing the portion of the piezoelectric material 49 under the central force 
element electrode 53 to expand in the surface plane. Expansion of the 
piezoelectric material 49 causes the mechanical support 41 to bend with 

10 downward concavity in the region under the central force element electrode 53. 
Conversely, the bistable actuator device in Figure 15 is switched to the 
"downward state" (where the mechanical support 41 is deflected towards the 
support substrate 43) by applying a second voltage polarity to the electrical 
connection 61 causing the portion of the piezoelectric material 49 under the 

15 peripheral force element electrode 55 to expand in the surface plane. Expansion 
of the piezoelectric material 49 causes the mechanical support 41 to bend with 
downward concavity in the region under the peripheral force element electrode 
55. By applying suitable electrical signals to either the connection 59 or 61 
relative to the connection 57, the bistable actuator device of Figure 15 is switched 

20 between the two mechanical states according to the secondary piezoelectric 
effect. 

There are other methods within the scope of the present invention to 
implement a thin-film force element that provides in-plane expansion or 
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contraction necessary to switch the mechanical state of the bistable actuator 
device. One sample is to utilize the electrostrictive properties of some materials 
to create planar expansion or contraction in response to a large electrical field. 
Such electric fields can be produced using modest voltages (5-50 Volts) across a 
5 thin film (thickness 0. 1 - 5 microns). Electrostrictive force elements may be 
comprised of an electrostrictive material sandwiched between two conductive 
electrodes. Means for electrically contacting the conductive electrodes are 
understood by those skilled in the art. Another example for creating the force 
elements is to use a resistive heater. Upon application of an electrical current, the 
10 temperature of the heater and nearby device elements will increase. If the 
thermal expansion coefficients of the heater (force) element and mechanical 
support do not match, a shear force is resolved to produce the desired mechanical . 
switching event. A further example for creating the force elements is to use a 
series of interdigitated conducting electrodes wherein an electric voltage applied 
15 between adjacent electrodes produces an in-plane electrostatic attraction. The 
electrostatic attractive force generates an in-plane contraction to produce the 
desired mechanical switching event. Also, there are other methods known in the 
art for generating the desired forces to switch the state of the bistable actuator in 
accordance with the present invention. The preferred embodiment shown in 
20 Figure 15 and described above is one such method and is not intended to limit the 
scope of the present invention. 

Figures 16-21 show a series of cross-sectional views detailing how the 
present invention can be utilized to create a fluid or gas pump. The device in 
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Figures 16-21 includes a lower support substrate 69 and an upper support 
substrate 71 with an incoming flow channel 83 and an outgoing flow channel 85. 
Three bistable actuators are utilized to create a pump. An incoming valve 73 is 
created by a first bistable actuator in conjunction with the upper support substrate 
5 71 and incoming flow channel 83. The incoming valve 73 is open when the first 
bistable actuator is in a "downward" state and is closed when the first bistable 
actuator is in an "upward" state. An outgoing valve 77 is created by a second 
bistable actuator in conjunction with the upper support substrate 71 and outgoing 
flow channel 85. The outgoing valve 77 is open when the second bistable 

10 actuator is in a "downward" state and is closed when the second bistable actuator 
is in an "upward" state. A displacement chamber 75 is created by a third bistable 
actuator in conjunction with the upper support substrate 71. The displacement 
chamber 75 volume is maximized when the third bistable actuator is in a 
"downward" state and minimized when the third bistable actuator is in an 

15 "upward" state. A first lateral flow channel 79 between the incoming valve 73 
and the displacement chamber 75 permits gas or fluid to pass between them. A 
second lateral flow channel 81 between the outgoing valve 77 and the 
displacement chamber 75 permits gas or fluid to pass between them. A preferred 
embodiment of a pump operation includes a sequence of six mechanical states 

20 and is shown in Figures 16 - 21 . The first mechanical state of the pump 
operation is shown in Figure 16 wherein the outgoing valve 77 is open, the 
incoming valve 73 is closed, and the displacement chamber 75 volume is 
maximized. The second mechanical state of the pump operation is shown in 
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Figure 17 wherein the outgoing valve 77 is open, the incoming valve 73 is closed, 
and the displacement chamber 75 volume is minimized. As the pump transitions 
from the first to second mechanical state, the volume of the displacement 
chamber 75 is reduced, and fluid or gas is expelled out through the open outgoing 
5 valve 77. The third mechanical state of the pump operation is shown in Figure 18 
wherein the outgoing valve 77 is closed, the incoming valve 73 is closed, and the 
displacement chamber 75 volume is minimized. The fourth mechanical state of 
the pump operation is shown in Figure 19 wherein the outgoing valve 77 is 
closed, the incoming valve 73 is open, and the displacement chamber 75 volume 

10 is minimized. The fifth mechanical state of the pump operation is shown in 

Figure 20 wherein the outgoing valve 77 is closed, the incoming valve 73 is open, 
and the displacement chamber 75 volume is maximized. During the fourth and 
fifth mechanical states, fluid or gas flows in through the incoming flow channel 
83. Note that an alternative embodiment would be to skip the fourth mechanical 

15 state in Figure 19 and transition directly from the third mechanical state shown in 
Figure 18 to the fifth mechanical state shown in Figure 20. The sixth mechanical 
state for pump operation is shown in Figure 21 wherein the outgoing valve 77 is 
closed, the incoming valve 73 is closed, and the displacement chamber 75 
volume is maximized. After the sixth mechanical state of the pump operation is 

20 completed, the device shown in Figure 21 returns to the first mechanical state of 
the pump operation shown in Figure 16, and the sequence repeats. The bistable 
actuator configuration shown in Figure 15 is preferred for creating each of the 
incoming valve 73, outgoing valve 77, and displacement chamber 75. An 
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advantage of the present invention when used as a gas or fluid pump is the large 
change in volume of the displacement chamber that increases the pump 
efficiency. A further advantage of the present invention when used as a gas or 
fluid pump is the large displacement of the incoming valve 73 and outgoing valve 
5 77. Large displacement in the valves increases both the reliability and efficiency 
of the pump. 

Figure 22 and Figure 23 show a pair of cross-sectional views detailing an 
embodiment of an electrical switch or relay in accordance with the principles of 
the present invention. The device shown in Figure 22 and Figure 23 includes a 

10 lower support substrate 87 and an upper support substrate 89. A bistable actuator 
91 is utilized to open or close the electrical connection between a first conductive 
electrode 95 residing on the opposing face of the upper support substrate 89 and a 
second conductive electrode 93 residing on the bistable actuator 91. Means for 
electrically connecting the bistable actuator 91 to an external control circuit is not 

15 shown in Figure 22 or Figure 23 as it is understood by those skilled in the art. 
Furthermore, means for connecting the first conductive electrode 95 and second 

■ 

conductive electrode 93 to an external electrical circuit are not shown in Figure 
22 or Figure 23 as it is understood by those skilled in the art. When the bistable 
actuator 91 is in a downward state as shown in Figure 22, the first conductive 
20 electrode 95 and the second conductive electrode 93 are not in physical contact, 
and the electrical circuit is open. Conversely, when the bistable actuator 91 is in 
an upward state as shown in Figure 23, the first conductive electrode 95 and the 
second conductive electrode 93 are in physical contact, and the electrical circuit 
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i 

is closed. In this manner, the bistable actuator provides means for creating an 
electrical switch or relay. An advantage of the present invention when used as an 
electrical switch or relay is the large displacement of the second conductive 
electrode 93. When the electrical switch is open, the large separation between the 

5 second conductive electrode 93 and the first conductive electrode 95 minimizes 
the parasitic capacitance. Moreover, when the electrical switch is closed, the 
large displacement and force of the bistable actuator provide a more reliable and 
lower resistance contact. 

Figure 24 and Figure 25 show a pair of cross-sectional views detailing 

10 another embodiment of an electrical switch or relay in accordance with the 

principles of the present invention. The device shown in Figure 24 and Figure 25 
includes a lower support substrate 87 and an upper support substrate 89. A 
bistable actuator 91 is utilized to open or close the electrical connection between 
a first conductive electrode 97 and a second conductive electrode 99, both 

15 residing on the opposing face of the upper support substrate 89. A third 

conductive electrode 93 is fixed on the bistable actuator 91 opposite both the first 
conductive electrode 97 and second conductive electrode 99. Means for 
electrically connecting the bistable actuator 91 to an external control circuit is not 
shown in Figure 24 or Figure 25 as it is understood by those skilled in the art. 

20 Furthermore, means for connecting the first conductive electrode 97 and second 
conductive electrode 99 to an external electrical circuit are not shown in Figure 
24 or Figure 25 as it is understood by those skilled in the art When the bistable 
actuator 91 is in a downward state as shown in Figure 24, there is no conductive 
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circuit path between the first conductive electrode 97 and the second conductive 
electrode 99, and the electrical circuit is open. Conversely, when the bistable 
actuator 91 is in an upward state as shown in Figure 25, the third conductive 
electrode 93 is in physical contact with both the first conductive electrode 97 and 
5 the second conductive electrode 99 to create a conductive circuit path, and the 
electrical circuit is closed. In this manner, the bistable actuator provides further 
means for creating an electrical switch or relay. An advantage of the present 
invention when used as an electrical switch or relay is the large displacement of 
the third conductive electrode 93. When the electrical switch is open, the large 

10 separation between third conductive electrode 93 and first conductive electrode 
97 as well as the large separation between the third conductive electrode 93 and 
the second conductive electrode 99 minimizes the parasitic capacitance. 
Moreover, when the electrical switch is closed, the large displacement and force 
of the bistable actuator provide a more reliable and lower resistance contact. 

15 From the above description and drawings, it will be understood by those 

of ordinary skill in the art that the particular embodiments shown and described 
are for purposes of illustration only and are not intended to limit the scope of the 
present invention. Those of ordinary skill in the art will recognize that the 
present invention may be embodied in other specific forms without departing 

20 from its spirit or essential characteristics. References to details of particular 
embodiments are not intended to limit the scope of the invention. 
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CLAIMS 

What is claimed is: 

1. A solid-state actuator device, comprising: 

5 a thin-film mechanical member under compressive stress, the 

compressive stress providing a plurality of stable mechanical positions for the 
mechanical member; and 

a transducer fixed to the mechanical member generating a force in 
response to an electronic control signal wherein application of the electronic 
10 control signal generates a force to switch the mechanical member between the 

plurality of stable mechanical positions. 

2. A solid-state actuator device, comprising: 
a support substrate; 

a mechanical member fixed to the support substrate at a plurality of 
15 positions to generate a compressive stress in the mechanical member and a 

plurality of stable mechanical positions substantially perpendicular to the 
support substrate; 

a transducer fixed to the mechanical member for generating a force; 
means for connecting the transducer to an electronic control signal; 
20 wherein application of the electronic control signal to the transducer 

switches the mechanical member between the plurality of stable mechanical 
positions substantially perpendicular to the support substrate. 
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3. The solid-state actuator device of claim 2, wherein the 
mechanical member is suspended from the support substrate and comprises a 
thin-film plate fixed to the support substrate on opposing sides. 

4. The solid-state actuator device of claim 2, wherein the 

5 mechanical member comprises a thin-film membrane fixed to a side of the 

support substrate. 

5. The solid-state actuator device of claim 4, wherein the thin- 
film membrane is circular. 

6. The solid-state actuator device of claim 2, wherein the 

10 transducer is a piezoelectric capacitor fixed along a portion of the mechanical 

member and comprises: 

a lower conductive electrode; 

an upper conductive electrode; and 

a piezoelectric layer fixed between the lower and upper conductive 
15 electrodes. » 

7. . The solid-state actuator device of claim 6, wherein the 
piezoelectric layer is comprised of PZT. 

8. The solid-state actuator device of claim 6, wherein the 
piezoelectric layer is comprised of ZnO. 

20 9. The solid-state actuator device of claim 6, wherein the 

piezoelectric layer is comprised of A1N. 

10. The solid-state actuator of claim 2 wherein the transducer is 
fixed along a central portion of the mechanical member. 
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1 1 . The solid-state actuator of claim 2 wherein the transducer is 
fixed along a peripheral portion of the mechanical member. 

12. The solid-state actuator of claim 2, further comprising a 
second transducer fixed to the mechanical member for generating a force 

5 wherein the first transducer switches the mechanical member to a first stable 

mechanical position and the second transducer alternatively switches the 
mechanical member to a second stable mechanical position. 

13. The solid-state actuator of claim 2 wherein the mechanical 
member remains at one of the plurality of stable mechanical positions after 

10 removal of the electronic control signal. 

14. A solid-state valve for opening/closing a flow channel, 
comprising: 

a support substrate; 

a mechanical member fixed to the support substrate at a plurality of 
15 positions to generate a compressive stress in the mechanical member and a 

plurality of stable mechanical positions substantially perpendicular to the 
support substrate; 

a first stable mechanical position closing the flow channel; 
a second stable mechanical position opening the flow channel; 
20 a transducer fixed to the mechanical memberfor generating a force; 

means for connecting the transducer to an electronic control signal; 
wherein application of a first electronic control signal to the 
transducer switches the mechanical member to the first stable mechanical 
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position thereby closing the flow channel whereas application of a second 
electronic control signal to the transducer switches the mechanical member to 
the second stable mechanical position thereby opening the flow channel. 

15. A solid-state relay for opening/closing an electrical circuit, 
5 comprising: 

a support substrate; 

a mechanical member fixed to the support substrate at a plurality of 
positions to generate a compressive stress in the mechanical member and a 
plurality of stable mechanical positions substantially perpendicular to the 
10 support substrate; 

a first conductive electrode fixed on the mechanical member and a 
second conductive electrode; 

a first stable mechanical position moving the first conductive 
electrode into contact with the second conductive electrode to close the 
1 5 electrical circuit; 

a second stable mechanical position moving the first conductive 
electrode out of contact with the second conductive electrode to open the 
electrical circuit; 

a transducer fixed to the mechanical member for generating a force; 
20 means for connecting the transducer to an electronic control signal; 

wherein application of a first electronic control signal to the 
transducer switches the mechanical member to the first stable mechanical 
position thereby closing the electrical circuit whereas application of a second 
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electronic control signal to the transducer switches the mechanical member to 
the second stable mechanical position thereby opening the electrical circuit. 

16. A solid-state pump for displacing gas/fluid, comprising: 
a support substrate; 

5 a mechanical member fixed to the support substrate at a plurality of 

positions to generate a compressive stress in the mechanical member and a 
plurality of stable mechanical positions substantially perpendicular to the 
support substrate; 

a cavity in the support substrate surrounding on at least one side of the 
10 mechanical member; 

a first stable mechanical position increasing volume of the cavity; 
a second stable mechanical position decreasing the volume of the 

cavity; 

a transducer fixed to the mechanical member for generating a force; 
15 means for connecting the transducer to an electronic control signal; 

wherein application of a first electronic control signal to the force 
transducer switches the mechanical member to the first stable mechanical 
position thereby increasing the volume of the cavity whereas application of a 
second electronic control signal to the transducer switches the mechanical 
20 member to the second stable mechanical position thereby decreasing the 

volume of the cavity. 

17. The solid-state pump of claim 16 further comprising a flow 
channel into the cavity. 
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FIGURE 13 
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FIGURE 16 
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FIGURE 22 
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